Zooplankton community structure and ecology of the tropical-highland Lake Hayq, Ethiopia  by Fetahi, Tadesse et al.
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Lake  Hayq,  a highland  lake  in  Ethiopia,  was  stocked  with  Tilapia  ﬁsh (Oreochromis  niloticus)  in late  1970s,
offering  an  opportunity  to  study  the  effect  of  ﬁsh  predation  in  a natural  lake.  Since  1930s,  some  limnolog-
ical  surveys  have  been  done  sporadically  documenting  a change  in zooplankton  composition  including
the  disappearance  of  cladocerans,  hypothesizing  the  stocked  planktivorous  ﬁsh  could  be  a cause.  Never-
theless,  no  detailed  research  was  conducted  to identify  potential  effects  of  ﬁsh  stocking  predominantly
due  to its  remote  location.  The  article  presents  data  about  zooplankton  composition,  abundance  and
biomass  done  between  October  2007  and  January  2009  on  short-time  intervals  including  the  underlying
limnological  variables.  The  zooplankton  community  was depauperate  comprising  two  copepods,  three
cladocerans, and  six  rotifers  taxa,  as typical  for tropical  lakes.  Total  mean  standing  biomass  of  all  crus-
tacean  zooplankton  was  237  mg  dry  mass  m−3, which  gave  Lake  Hayq  an intermediate  position  when
compared  with  other  tropical  lakes.  Of  copepods,  Thermocyclops  ethiopiensis  was  almost  an  exclusive
species,  and  its  temporal  variation  was  inﬂuenced  by  food  supply  and  water  temperature.  We  refute  the
hypothesis  that  Tilapia  was  the  cause  for the  seasonal  disappearance  of  cladocerans,  and  attribute  it  to
the  adverse  effect  of episodic  mixing.  Nevertheless,  the  planktivorous  ﬁsh  probably  plays  a  key  role  in
structuring  the  cladocerans  in  particular  the  large-sized  Daphnia  magna.  In January  2008,  we  observed
a  massive  planktivorous  ﬁsh  mortality  that  triggered  high  algal  biomass,  which  was later  grazed  by
large-sized  D.  magna  demonstrating  the  trophic  cascade  hypothesis  in  a natural  ecosystem.ntroduction
Zooplankton play a pivotal role in mediating the transfer of
nergy from lower to higher trophic levels in aquatic ecosys-
ems (Lampert and Sommer 1997). Its community composition,
iomass and production determine the strength of the energy
ransfer. Although limnological research started around 110 years
go (see Le Cren and Lowe-McConnell 1980), until the early
960s these studies were predominantly carried out in temperate
akes. This trend, however, changed when the concerted efforts of
nternational Biological Programme (IBP) produced comprehensive
nformation on zooplankton biomass and production that enabled
 global comparison (Le Cren and Lowe-McConnell 1980). To date,
ooplankton community composition and biomass have been stud-
ed in several tropical inland water bodies, but there is still limited
nformation for African lakes (Burgis 1970; Green 1967; Irvine
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and Waya 1999; Kurki et al. 1999; Mavuti 1994; Mengistou and
Fernando 1991).
Zooplankton abundance and composition can be structured
by resources (bottom-up), competition and/or predation pressure
(top-down control) (Lampert and Sommer 1997). Large zooplank-
ton species ﬁlter more efﬁciently because of their relative bigger
size (size-efﬁciency hypothesis: Brooks and Dodson 1965), and
they commonly dominate when there is little predation pres-
sure from zooplanktivores. However, ﬁsh selectively feed on larger
zooplankton, and the presence of zooplanktivorous ﬁsh causes a
shift in the zooplankton community towards small-bodied animals,
which are relatively inefﬁcient grazers (Brooks and Dodson 1965;
Shapiro and Wright 1984). Furthermore, lower dissolved oxygen
concentration (hypoxia) could also affect the structure of zoo-
plankton community, their developmental stages and abundances,
as was  documented in some aquatic habitats (Alldredge et al.
1984; Judkins 1980; Longhurst 1967; Vinogradov and Voronina
1961). Thus, many factors could simultaneously inﬂuence popu-
lation dynamics, predator-prey relationships and energy transfer
efﬁciency in an ecosystem (Baird et al. 2004).
In the late 1970s, Tilapia (Oreochromis niloticus Linnaeus, 1758)
was stocked in a tropical highland Lake Hayq so as to ﬁll an empty
3 ologica 41 (2011) 389– 397
p
t
s
t
p
s
i
i
p
n
s
a
z
a
a
n
t
w
a
t
i
a
G
a
w
b
f
m
t
t
z
s
h
t
a
a
u
t
a
r
t
c
d
M
S
o
(
s
r
a
A
r
J
r
P
(
H
s
i
Fig. 1. The map  of Lake Hayq together with sampling stations (dots: SS – shore
station and OS – open station).
Redrawn from Demlie (2007).
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Fig. 2. Air temperature and rainfall data of Lake Hayq during sampling period from
(Lamb et al. 2007). Predominant cations and anions are magnesium
and carbonate/bicarbonate, respectively. Lake Hayq is categorized
Table 1
Morphometric data of Lake Hayq according to Baxter and Golobitsch (1970).
Variables Values
Max. length (north–south) 6.7 km
Max. width 6.0 km
Shoreline 21.7 km90 T. Fetahi et al. / Limn
elagic niche of the planktivorous ﬁsh and to provide cheap pro-
ein to the local people (Kebede et al. 1992). The lake had no
trict piscivores, consequently the planktivorous ﬁsh dominated
he ecosystem offering an opportunity to study the effect of ﬁsh
redation on plankton in this natural highland lake. Even though
tocking of ﬁsh to a natural lake is controversial from an ecolog-
cal point of view (Ribbink 1987), the stocked planktivorous ﬁsh
s a major success in the economy and nutrition of the local peo-
le (Kebede et al. 1992). Fish yield partly depends on the available
utrition, and zooplankton is an important diet of Tilapia at some
tage in their life cycle (Fernando 1994), and food to many larval
nd juvenile ﬁshes (Post and Kitchell 1997). Hence, the dynamics of
ooplankton population has a critical inﬂuence on ﬁsh recruitment
nd yield in a system because of their decisive role as a food source.
The impacts of Tilapia introduction on the food web structure
nd ecosystem of Lake Hayq have not been studied in detail until
ow. There are, however, some historical records that the zooplank-
on composition of Lake Hayq has changed through time. The lake
as visited as early as 1930s by an Italian expedition (Cannicci
nd Almagia 1947; Vatova 1940; Zanon 1941) who  documented
he presence of cladocerans, cyclopoids and African catﬁsh (Clar-
as gariepinus Burchell, 1822). Until 1970, large cladocerans such
s Diaphanosoma and Daphnia magna were abundant (Baxter and
olobitsch 1970; Cannicci and Almagia 1947); whereas cladocer-
ns were completely absent in a 1989 survey and instead copepods
ere dominant in the system (Kebede et al. 1992). It was suggested
y Kebede et al. (1992) that the stocked Tilapia ﬁsh was  the cause
or the disappearance of cladocerans.
Earlier records of zooplankton in Lake Hayq were conﬁned
ainly to species composition because it was difﬁcult to do long-
erm dynamics studies due to the remote location of the lake. We
herefore found it imperative to study the seasonal dynamics of
ooplankton in Lake Hayq in order to assess the temporal succes-
ion of different taxa, its carrying capacity, and to re-examine the
ypothesis of Kebede et al. (1992) about the cause of the zooplank-
on changes. We studied the zooplankton community abundance
nd biomass on weekly to fortnightly sampling intervals for over
 year. Zooplankton temporal and spatial variations in relation to
nderlying environmental variables were also monitored. A for-
uitous lake turnover at the start of the study in January 2008
fforded a rare opportunity to witness zooplankton successions,
e-emergence of large Daphnids and a natural observation of the
rophic cascade theory in practice. Further, we discuss potential
auses for the exclusive dominance of Thermocyclops in the lake
uring the study period.
ethods
tudy site
Lake Hayq (11 ◦15′N, 39◦57′E) is located some 440 km north
f Addis Ababa (capital of Ethiopia) at an altitude of 2030 m a.s.l.
Baxter and Golobitsch 1970). Lake Hayq, its catchment area and
ampling stations are indicated in Fig. 1. The study area is catego-
ized as sub-humid tropical with an annual rainfall of 1173 mm  and
 mean air temperature of 18.2 ◦C (National Meteorological Service
gency, mean average value of the years 1963–2009). Based on
ainfall data since 1963, the major rainy season is identiﬁed from
uly to September (Fig. 2). During our sampling period, there was no
ainfall from December to March, which is considered as dry season.
reviously, Lake Hayq was connected to the nearby Lake Hardibo
11◦14′N, 39◦46′E; altitude 2150 m a.s.l.) through Ankwarka River.
owever, at present these lakes are terminal and there is no known
urface outlet due to the irrigation scheme upstream. Lake Hayq
s a deep, steeply shelving lake, with a maximum depth of 88 mOctober 2007 to October 2008.
Data provided from the National Meteorological Services Agency.
recorded in 1938 (Table 1). The lake is fresh water, with a salin-
ity of 0.83 g L−1 (Zinabu et al. 2002) and never has been salineSurface area 23.2 km2
Max. depth 88.2 m
Mean depth 37.37 m
Volume 0.867 km3
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nder eutrophic condition with a mean chlorophyll a of 12.9 g L−1
Fetahi et al. submitted for publication).
Fishes that inhabit Lake Hayq are O. niloticus (Nile Tilapia), C.
ariepinus (African catﬁsh), Cyprinus carpio (common carp) and
arra dembecha Getahun & Stiassny 2007. The latter two  species
ere introduced in Lake Hardibo most likely in 1980, and eventu-
lly reached Lake Hayq due to the connecting river (Tizazu, personal
ommunication). Tilapia also has been stocked (Kebede et al. 1992)
utting catﬁsh as the only indigenous ﬁsh species (Baxter and
olobitsch 1970). According to Kebede et al. (1992),  phytoplankton
iomass is dominated by a diatom, Navicula sp. and the cyanobac-
eria Microcystis delicatissima (W.  West and G.S. West) Starmach
nd M.  elachista (W.  West and G.S. West) Compère, which comprise
bout 90% of the biomass.
ield sampling and measuring protocol
Spatial and vertical proﬁles of water temperature, conductivity,
H and dissolved oxygen were measured using a portable mul-
iprobe (Model HQ 40d Multi Hach Lange). Chlorophyll a (Chl a)
oncentration was determined spectrophotometrically at 665 nm
ithout phaeopigments correction (Talling and Driver 1963).
Zooplankton sampling was carried out on weekly to fortnightly
ntervals from the open-water station (OS) between October 2007
nd January 2009 (Fig. 1). Additionally, a shore station (SS) was
ampled on a monthly basis between October 2007 and October
008. OS is located some 2 km offshore in the open water and had
 mean depth of 78 m.  SS with a mean depth of 18 m,  is located
bout 100 m offshore. Three replicates were taken at each station
n each sampling date. Samples were collected with 100 m mesh
ownet for the ﬁrst two sampling dates and then 30 m was  used
ntil the end of the sampling period. The mesh-size was  changed
o improve sampling efﬁciency for copepod nauplii and rotifers. To
etermine numerical abundance, samples were vertically hauled
rom 10 m to the surface at both stations. The volume of water ﬁl-
ered (V) was calculated from V = r2h, where r = radius of net ring
0.15 m)  and h the distance towed (10 m).  The samples were imme-
iately preserved with sugar-formalin to a ﬁnal concentration of
pproximately 4%. The concentrated original sample of 250 mL  was
ixed homogeneously and a 25 mL  subsample was  taken with a
ide mouth pipette (Wetzel and Likens 2001), then poured into a
ridded glass chamber where three pre-selected grids/strips were
ounted and hand-tallied. The species were examined under a Wild
inocular Microscope (50× magniﬁcation). Cladocerans were iden-
iﬁed using the identiﬁcation keys of Korinek (1999).  For copepods,
he identiﬁcation guide of Defaye (1988),  Van de Velde (1984) and
ernando (2002) were used. Rotifers were identiﬁed almost exclu-
ively using Koste (1978).  On 12 May  2008, a 24-h survey was
ndertaken at open station to investigate zooplankton diel vertical
igration (DVM) over the water column. Samples were collected
t 6-h intervals from nine depths: surface, 5, 10, 20, 30, 40, 50, 60
nd 70 m with a 10-L Schindler Patalas trap. Then the animals were
oncentrated with 30 m and washed out into a bottle, which was
lled up to a deﬁned volume. Preservation and counting procedures
ere the same.
Copepod total body length was measured from the apex of the
ead to the base of the spine and to the tip of the furcal rami
hereas nauplii were scaled from head to bottom (Culver et al.
985). Cladocerans were measured from the top of the head to the
ip of the abdomen, excluding spines and projections (Downing and
igler 1984). For dry mass determinations, nauplii, post-nauplii,
nd cladocerans were selected randomly and isolated using a wide-
outh pipette and a needle. The isolated animals were rinsed
everal times with distilled water to remove detritus, and were
laced on pre-weighed aluminum boats and dried at 60 ◦C in an 41 (2011) 389– 397 391
oven for 30 ± 6 h. The number of individuals in each boat var-
ied from 30 to 110. After drying, the samples were cooled in a
desiccator then measured on a PerkinElmer AD6 Autobalance (sen-
sitivity 10 g). Replicates were made for each monthly sample.
The biomass on each sampling date was  calculated as the prod-
uct of the mean individual dry mass and abundance. A brief study
was conducted on the surviving ability of Thermocyclops by chang-
ing the oxic to anoxic condition abruptly. In containers ﬁlled with
aged water (mixed with organic matter), oxygen concentration was
lowered down to 1.2 mg  O2 L−1 by bubbling with compressed N2
(Landman and van den Heuvel 2003) and then zooplankton was
added into the container.
Data analysis
T-test was used to analyze the spatial (OS vs. SS) distribu-
tion pattern of zooplankton in Lake Hayq. Pearson correlation and
regression analyses were used to assess pair wise association of
variables and their strength, and to model the dependent vari-
able based on the predictor. SPSS (v. 16) was  used in all statistical
analysis. Relationships between taxa and signiﬁcant environmental
variables were analysed using a constrained Redundancy Analy-
ses (RDA, CANOCO for Windows 4) (Ter Braak and Smilauer 1998).
RDA was chosen because lengths of gradient determined by DCA
were 1.7 standard deviation units that indicated a linear species
response (Ter Braak and Prentice 1988). Environmental variables
were selected by means of the manual “forward selection” pro-
cedure. Monte Carlo analysis with 499 permutations was used to
test the signiﬁcance of the ﬁrst four axes. Inter-set correlations of
environmental variables with axes were examined to determine
the environmental variables which correlate signiﬁcantly with axes
(Ter Braak 1995). Statistical signiﬁcance was set at P = 0.05. Graphs
were presented using Sigmaplot (v. 11).
Results
Environmental variables
Based on the amount of rainfall received, four seasons
around the lake can be distinguished: major rainy season
(July–September), post rainy season (October–November), dry sea-
son (December–March), and pre-rainy season (April–June; Fig. 2).
Vertical and temporal water temperature differences during the
study period were low with a maximum of ca. 26 ◦C and minimum
of ca. 21 ◦C (Fig. 3). The concentration of dissolved oxygen (DO)
showed some temporal variation with a maximum of 8.42 mg O2
L−1 (122% of saturation) recorded in October 2008 and a minimum
of 2.60 mg  O2 L−1 (37%) in January 2008 (Fig. 3, indicated by an
arrow). Both conductivity and pH showed invariably constant val-
ues during the sampling period with mean 910 S cm−1 and 9.0,
respectively. Chl a concentration in the top 10 m varied tempo-
rally and seasonally with highest amounts (45 g L−1) measured in
March during the dry season and lowest (3 g L−1) in June 2008 at
the start of the rainy season. There was  no spatial variation in Chl
a concentration (t-test, P = 0.586; Fig. 4).
Zooplankton community and abundance
Cyclopoid copepods contributed 64% to the total zooplankton
abundance, whereas cladocerans and rotifers contributed 23% and
13%, respectively (Table 2). The latter two  groups were encountered
only during the ﬁrst two  sampling dates and disappeared for the
next 5 and 8 consecutive months (Fig. 5, top panel) and re-appeared
in the water column during the rainy month of June–July, 2008.
Thermocyclops ethiopiensis Kiefer, 1934 dominated zooplankton
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(0–10 m)  did not show any signiﬁcant differences between the sta-
tions (t-test, P = 0.443, 0.424, 0.227, respectively). Cladoceran and
rotifer densities were generally low with an annual mean of around
8422 and 3361 Indl m−3 at OS, for instance. At the ﬁrst threeig. 4. Spatial and temporal mean chlorophyll a concentration on the top 10 m depth
f  Lake Hayq of the open water (OS) and inshore station (SS).
bundance throughout the year. Within the cladocerans, Ceriodaph-
ia reticulata Jurine peaked in December 2007, and disappeared
fter the lake turnover in January 2008. D. magna Straus, 1820
eappeared and became abundant in June and July 2008 and
iaphanosoma excisum Sars followed in August and September
008 during the rainy months. D. magna and C. reticulata never co-
able 2
pecies list and mean abundance (Indl m−3 ± SE) of major zooplankton community
n  Lake Hayq, Ethiopia during October 2007 to January 2009 at OS.
Zooplankton groups Numerical abundance
(Indl m−3)
Copepoda (post-nauplii)
Mesocyclops aequatorialis Van de Velde 1984 10,716 ± 1080
Thermocyclops ethiopiensis Kiefer 1934 26,002 ± 3410
Cladocera
Ceriodaphnia reticulata Jurine 2242 ± 612
Daphnia magna Straus 1820 2659 ± 330
Diaphanosoma excisum Sars 3521 ± 419
Rotifera
Brachionius angularis Gosse 300 ± 68
B.  quadridentatus Herman 260 ± 54
Euchlanis parva Rousselet 1892 627 ± 110
Keratella tropica Apstein 760 ± 184
Polyarthra 957 ± 242
Trichocerca smilis 457 ± 74O D J F M A M J A S O
ake Hayq over the sampling period. The arrow indicates the mixing time.
existed during any of the sampling dates. Of the Rotifera, Euchlanis,
Polyarthra and Keratella were alternatively common on different
sampling dates in August, November and December 2008, respec-
tively. Post-nauplii (ca. 60%) contributed more than nauplii (ca.
40%) to the total copepod density (Table 3) and were the most
dominant zooplankton in the lake until the rainy season when
Cladocerans took over (Fig. 5). Annual mean densities (see Table 3)
of copepods, cladoceran and rotifers in the investigated water layerFig. 5. Temporal variations of mean zooplankton abundance (Indl m−3) (top) and
standing biomass (mg  DW m−3) (lower) of Lake Hayq in open-water station sampled
from October 2007 to January 2009.
T. Fetahi et al. / Limnologica 41 (2011) 389– 397 393
Table 3
Mean annual abundances (Indl m−3 ± SE), length and dry mass measurements as well as L–W relationship of zooplankton of Lake Hayq during October 2007 to January 2009
at  OS.
Copepoda Cladocera Rotifera
Post-naupliar Nauplii
SS 41,241 ± 5050a 27,456 ± 4315b 5609 ± 1614c 24,011 ± 126d
OS 36,718 ± 1794a 29,144 ± 2329b 8422 ± 1151c 33,361 ± 208d
Length (mm) 0.8606 ± 0.521 0.1336 ± 0.01923 1.28 ± 0.08216
Dry  mass (g) 2.877 ± 0.332 0.2733 ± 0.043 3.628 ± 0.544
L–W relationship DW = 3.763 × L2.036 (R2 = 0.83) DW = 2.342 × L1.074 (R2 = 0.70) DW = 2.205 × L1.915 (R2 = 0.78)
The same alphabet indicates that there was  no signiﬁcant difference between stations (P ≥ 0.05).
Table 4
Summary statistics of RDA.
Axes 1 2 3 4
Eigenvalues 0.417 0.177 0.046 0.005
Species–environment correlations 0.863 0.883 0.772 0.306
Cumulative percentage variance
of species data 41.7 59.4 63.9 64.5
of  species–environment relation 64.6 92.1 99.2 100.0
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Table 5
Environment – by-species table for the Redundancy Analysis – signiﬁcant vari-
ables included (Tem = temperature; DO = dissolved oxygen; Chl a = chlorophyll a;
NH4 = ammonium).
Taxa Tem DO Chl a NH4
Ceriodaphnia −0.02 0.39 −0.10 −0.99
Diaphanosoma 0.44 0.45 −0.50 −0.45
Daphnia 0.51 −0.36 −0.55 0.50
Thermo cyclops −0.26 −0.54 0.26 −0.01
Mesocyclops 0.16 0.23 −0.28 −0.88
Rotifers 0.14 0.14 −0.18 −0.18Sum of all eigenvalues 1.000
Sum of all canonical eigenvalues 0.645
ampling dates, nauplii could not be observed (Fig. 5). High cope-
od densities were recorded during pre-rainy season and relatively
ow abundances during the rainy season. On the brief experiment
egarding the ability of zooplankton to survive during shifts to
noxia, we found several of the cladocerans dying off when the
xygen gradient sharply dropped from 7.75 to 1.2 mg  O2 L−1 but
he red pigmented cyclopoids were not affected.
RDA was performed to detect taxa occurrences along environ-
ental gradients and resulted in a signiﬁcant model with four
xes (Monte Carlo test, P = 0.002). The ﬁrst two axes accounted for
2.1% of the variance in the zooplankton–environment relationship
Table 4). The ﬁrst axis was correlated with NH4-N and DO, and the
econd axis with Chl a and temperature (Fig. 6). Taxa scores rep-
esent centroids of the abundance curves for each taxon along the
xes. Ceriodaphnia, Diaphanosoma,  Rotifers and Mesocyclops were
ainly negatively related to NH4-N and showed a positive rela-
ion to DO (Table 5). Daphnia coincided with water temperature,
ut were negatively related to Chl a. On the other hand, Thermo-
yclops showed positive relationship with Chl a but negatively to
emperature.
ig. 6. Bi-plot of the Redundancy Analysis for zooplankton species and envi-
onmental variables. Broken arrows represent species whereas bold arrows are
nvironmental variables.Zooplankton standing biomass of Lake Hayq was  estimated
for OS (Table 6, Fig. 5, lower panel): the overall mean standing
biomass of crustaceans was 237 ± 28 mg  DW m−3. The mean stand-
ing biomass (mg  DW m−3 ± SE) for post-naupliar was  147 ± 15,
15 ± 1 for nauplii and 75 ± 12 for cladocerans. Post-naupliar stages
showed high variations with maximum and minimum values of
624 and 13 mg  DW m−3 for March 2008 and July 2008, respectively
(Fig. 5). Highest biomass for copepods was recorded during the
dry and pre-rainy seasons, but amounts decreased to a minimum
during the rainy season. Because of their size, cladocerans con-
tributed more to total zooplankton biomass (32%) than to numerical
abundance (23%). The maximum cladoceran biomass recorded was
469 mg  DW m−3 in July 2008 when the post-naupliar biomass was
signiﬁcantly low (Fig. 5). During this time, the large-sized D. magna
was the dominant cladoceran. Phytoplankton (Chl a) and zoo-
plankton biomass showed a positive but insigniﬁcant relationship
(r = 0.962, P = 0.176) from January to March 2008 (Fig. 7). However,
there were a negative and signiﬁcant correlation between phyto-
plankton and cladocerans biomass (r = −0.78, P = 0.003) (Fig. 7).O
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Fig. 7. Temporal variation of log zooplankton standing biomass (broken line) and
log phytoplankton biomass (bold line) during the sampling period between October
2007 and October 2008 for OS. Note that the graph shows mean monthly values so
as  to ﬁt the monthly measurements of Chl a.
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Table 6
Numerical abundance and biomass of Lake Hayq in comparison to other tropical lakes.
Lake Copepod abundance (Indl m−3) Copepod biomass mg  DW m−3 Total zooplankton biomass (mg  DW m−3)
Hayq, Ethiopia 67,280a 161.46a 236.4a
Awasa, Ethiopia 59,929b 36.93c 44.9c
Chad, Chad – – 333d
George, Uganda – 248e 368
Malawi, Malawi 31,142f – 23f
Naivasha, Kenya – 120.45g –
Nakuru, Kenya – – 6438h
Tana, Ethiopia 37,210i 34.43i –
Tanganyika, Tanzania 7000j – –
a Present study.
b Mengistou (1989).
c Mengistou and Fernando (1991).
d Gras and Saint-Jean (1983).
e Burgis (1974).
f Irvine and Waya (1999).
g Mavuti (1994).
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iscussion
ooplankton community structure and abundance
The zooplankton community composition of Lake Hayq is gen-
rally depauperate comprising three cladocerans species, two
yclopoid copepods, and six rotifer taxa. Such low taxa numbers,
owever, appears to be a typical feature of tropical water bodies
Irvine and Waya 1999; Kurki et al. 1999; Mengistou and Fernando
991). Cyclopoid copepods, in particular T. ethiopiensis, dominated
he zooplankton community of Lake Hayq. This is in accordance
ith several other authors, who reported the dominance of cope-
ods in tropical and subtropical lakes and reservoirs (Amarasinghe
t al. 1997; Burgis 1974; Dejen et al. 2004; Irvine and Waya 1999;
ewis 1979; Mengistou and Fernando 1991; Wondie and Mengistou
006). Interestingly, the maximum abundance of all stages (includ-
ng nauplii) of Thermocyclops was 468 Indl L−1 which is somewhat
n agreement with Kebede et al. (1992) who reported a maxi-
um  value of 577 Indl L−1 for cyclopoid copepods. Furthermore,
he mean annual numerical abundance was above that of several
ther tropical lakes (Tables 2 and 6), and persisted over the whole
ampling period even during the hypoxia condition. We  hypothe-
ize that special physiological features of the cyclopoids accounted
or their success.
On the top 10 m,  minimum DO concentration (2.6 mg  L−1) was
bserved in January 2008 (Fig. 3), which coincided with lake mix-
ng. Furthermore, DO below 20 m depth was consistently <1 mg  L−1
howing that a large portion of the water column was anoxic (Fetahi
t al. submitted for publication). After a dramatic mixing event in
anuary 2008 (Figs. 3 and 5), Lake Hayq changed from oxic to anoxic
onditions even near the surface resulting in massive Tilapia ﬁsh
ill. The threshold oxygen concentration for cichlid ﬁsh and clado-
erans is reported with about 2 mg  O2 L−1 (Hanazato et al. 1989;
agadza 1997; Mhlanga et al. 2006), and we assumed that the sud-
en anoxia killed cladocerans as well. Moreover, Mesocyclops might
ave been adversely affected by the mixing as it brought shortage
f food as its prey cladoceran and rotifers disappeared, giving its
ompetitor Thermocyclops an upper hand (Table 2). The interesting
uestion is how Thermocyclops survived these adverse conditions.
To examine how Thermocyclops might have survived the anoxic
ondition, we did a brief experimental work (see methods) and
ound several of the cladocerans dying off when the oxygen gradi-
nt sharply dropped from 7.75 to 1.2 mg  O2 L−1. At the end of the
xperiment, a few cladocerans survived and remained on the top of
he container to get some oxygen supply, while the red pigmentedcyclopoids were not much affected. Williamson (1991) had ear-
lier reported the tolerance of copepods to hypoxic conditions, but
the mechanism was  not explained. Generally, some zooplankton
species are known to tolerate low oxygen concentrations down to
3 mg  O2 L−1 (Chang and Hanazato 2004; Taleb et al. 1993), there-
after decline of respiration and ﬁltering rates has been observed
in Daphnia (Sell, 1998). It has been shown that the survivorship
of Daphnia is signiﬁcantly related to the presence of hemoglobin.
Sell (1998) demonstrated that oxygen concentration below 3.5 mg
O2 L−1 can be lethal for hemoglobin-deﬁcient daphnids, but spec-
imens rich in hemoglobin survived even at 0.5 mg  O2 L−1. An
increase in hemoglobin concentration improves the physiological
performance of red animals exposed to hypoxia (Kobayashi and
Gonoi 1985; Pirow et al. 2001). Nevertheless, in well-oxygenated
water, cladocerans do not synthesize hemoglobin since it incurs
energy cost, plus red pigmentation would increase the likelihood
of visual predation (Brooks and Dodson 1965; Engle 1985; Nebcker
et al. 1992). Furthermore, hemoglobin synthesis demands time
(Zeis et al. 2002) and in Lake Hayq pale cladocerans probably
failed to synthesize hemoglobin swiftly. For copepods however,
its pigmentation is primarily coiled with protective mechanism
against harmful ultraviolet radiation (Hansson 2000). Hemoglobin
has been detected in marine benthic copepods (Fox 1957; Hourdez
et al. 2000; Terwilliger 1992) and possibly Thermocyclops is also able
to synthesize this pigment. The eyes and some ody parts of Ther-
mocyclops in Lake Hayq are reddish (pers. obs) but why  it acquires
needs further investigation.
In Lake Hayq, C. reticulata and D. excisum were observed dur-
ing October and December 2007, but vanished thereafter. The
disappearance coincided with a mixing event after the air temper-
ature decreased causing isothermal conditions (Figs. 2 and 3). Such
crashes have already been observed elsewhere: Saunders and Lewis
(1988) reported large mortalities of zooplankton in Lake Valen-
cia, Venezuela, following annual overturn. For Lake Hayq, Kebede
et al. (1992) also reported the absence of cladocerans from their
1989 samples, and they suggested that the introduction of plank-
tivorous ﬁsh might have been the cause. Nevertheless, with this
seasonal study, we refute their hypothesis as we  sampled clado-
cerans before the lake mixing and they re-emerged after 5 months
when the oxygen concentration stabilized again (Fig. 3).
In our DVM study, we noted that zooplankton concentrated on
the top 10 m and no cladocerans were encountered below 10 m
depth. In May  2008, D. magna appeared for the ﬁrst time since
the study was launched. We  assumed that the strong reduction of
planktivorous ﬁsh could have been the reason for the appearance of
ologica
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his large-sized cladoceran (Meijer et al. 1994; Scheffer 1998; Van
onk et al. 1990). Indeed, large cladocerans such as Diaphanosoma
nd D. magna were abundant in L. Hayq before the introduction
f Tilapia ﬁsh (Baxter and Golobitsch, 1970; Cannicci and Almagia
947), which were replaced by copepods in 1989 survey (Kebede
t al. 1992) as well as in the present study. Lake Hayq is now catego-
ized as eutrophic (Fetahi et al. submitted for publication; Kebede
t al. 1992), even though it used to be oligotrophic in earlier reports
Baxter and Golobitsch 1970; Zanon 1941). After the turnover, high
lgal biomass was recorded (Fig. 4) that was later grazed by D.
agna demonstrating the trophic cascade hypothesis in a natural
ystem. As resource availability, such as nutrient and light (Fetahi
t al. submitted for publication), were not much affected after the
sh kill, the phytoplankton response was probably due to trophic
nteractions (Bronmark and Hansson 2005; Vanni et al. 1990) and
ot bottom-up controlled.
Kebede et al. (1992) reported an absence of rotifers during
heir survey. Similarly, we also observed low rotifer abundance
hat could be due to food limitation and predation. Large clado-
erans are known to reduce phytoplankton biomass signiﬁcantly,
ven to the extent that becomes too low to sustain other com-
etitors (Brooks and Dodson 1965; Lampert and Rothhaupt 1991;
ace 1984). Besides, rotifers are predated by copepods (Scheffer
998). Their disappearance however, coincided with the adverse
ondition of mixing (Fig. 5). They re-emerged and peaked during
he post-rainy months of October unlike the Cladocerans which
eaked during the rainy months of July-August 2008. It appears
hat the obligate grazers show clear seasonal succession in Lake
ayq, possibly as a mechanism to avoid competition for the same
hytoplankton food sources.
Seasonal succession of the zooplankton taxa is clearly observed
n this deep lake (Fig. 5). Postnaupliar copepods dominated the zoo-
lankton community during the dry season after the lake turnover
March–May) when Chl a peaked (Fig. 4). The RDA analysis also indi-
ated that the temporal variation of Thermocyclops was  strongly
nﬂuenced by Chl a and temperature (Fig. 6). During the rainy
onths of July–September, 2008, Cladocerans re-emerged and
ominated the zooplankton. RDA analysis also showed strong rela-
ion between Daphnia and nutrients (NH4). Lastly, Rotifers took
ver during the post-rainy months of October-December and the
trong relations with temperature suggests that this could have
een the over-riding factor, which could have also been com-
ounded by release from predatory pressure of copepods during
he post-rainy months. Several studies have recorded that tem-
oral variations of tropical zooplankton were strongly associated
ith turbidity, water level, temperature, zooplanktivorous ﬁshes,
tratiﬁcation and food availability (Burgis 1974; Dejen et al. 2004;
rvine and Waya 1999; Isumbisho et al. 2006; Melao and Rocha
004; Mengistou 1989; Rocha et al. 1982; Saint-Jean 1983; Wondie
nd Mengistou 2006). Further, it has been shown that zooplankton
mbryonic and post-embryonic developments are predominantly
 function of temperature and food (Vijverberg 1989; Wondie and
engistou 2006). The environmental optima for the zooplankton
pecies indicate that different condition may  play an important
ole for different species (Table 5). Ceriodaphnia was highly nega-
ively related with nutrient concentrations. In addition to nutrients,
aphnia was associated with food (Chl a) and climate (water tem-
erature). The negative relationship of Daphnia with Chl a indicated
ts high grazing pressure on phytoplankton biomass, which is well
stablished in several lakes (Scheffer 1998). Since zooplankton is
n important diet of planktivorous ﬁsh (Fernando 1994; Worie
009), the effect of predation on zooplankton temporal variation
s evident. Most planktivorous ﬁsh are size-selective predators and
eed preferentially on large zooplankton (‘size efﬁciency hypothesis’:
rooks and Dodson 1965; Hall et al. 1976) and an increase in plank-
ivore biomass leads to a corresponding change in zooplankton size 41 (2011) 389– 397 395
structure towards small-sized species (Spaak and Hoekstra 1997).
The breeding season of planktivorous Tilapia in L. Hayq is contin-
uous with a peak during July–October (Alemu 1995), and plays a
role in zooplankton assemblage and size structure. In actual fact,
large Tilapia biomass (108 kg ha−1) in the lake speciﬁcally feeds on
cladocerans (Fetahi et al. 2011), and the massive Tilapia ﬁsh kill in
January 2008 and the consequent appearance of large-size D. magna
demonstrates the top-down control of Tilapia on large-size clado-
cerans, a trophic factor that structure the zooplankton community
in the lake.
Zooplankton biomass
Length–weight relationships of taxa generated for Lake Hayq
(Table 3) are in agreement with other studies (Amarasinghe et al.
1997). The regression equations of Lake Hayq were comparable
with the work of Culver et al. (1985) except for nauplii, in which
the slope of the length–weight relationship (b value) was  smaller
(1.07). This could be due to the inclusion of juveniles of large
copepods such as Diaptomus in Culver’s length–weight relation-
ship. Total mean standing biomass of the dominant crustaceans and
copepods was  comparable with other tropical lakes (Table 6). The
highest total biomass was obtained during the post-rainy season
and the lowest during dry season. In the dry period, weather con-
ditions bring overturn that caused nearly anaerobic conditions in all
depths, even near the surface, which result in the disappearance of
cladocerans in the system (Fig. 5). Lowest nauplii and post-naupliar
biomass were recorded during rainy season and could be attributed
to intense competition with D. magna and predation pressure by
juvenile ﬁsh species (Alemu 1995).
The temporal pattern of total log zooplankton standing biomass
and log phytoplankton biomass indicated a negative relationship
(Fig. 7). Top-down control of zooplankton on phytoplankton is
already documented for many lakes (Brooks and Dodson 1965; Pace
1984), and the negative correlation in the present study was pre-
dominantly due to the grazing pressure of cladocerans (r = −0.78,
P = 0.003; Fig. 7). It is noteworthy that the correlation between post-
naupliar and phytoplankton biomass was  positive and insigniﬁcant
(r = 0.43, P = 0.163) indicating that Thermocyclops was feeding on
other food sources in addition to phytoplankton to supplement its
diet or the inﬂuence of this species was  too low. Other possible
food candidates are predation and detritus as has been shown in
other lakes (Wondie and Mengistou 2006), but further research is
needed to understand the feeding switches between herbivory and
detritivory of this cyclopoid.
In conclusion, Lake Hayq can be categorized under eutrophic
status (according P, N, surface loading with SRP, oxygen, Chl a) and
stands at intermediate position when compared with other trop-
ical water bodies regarding zooplankton abundance and biomass.
Cladocerans as herbivores might have nutritional constraints and
predation pressure to dominate the system; but their seasonal dis-
appearance for several months in the present study is due to the
adverse effect of mixing that resulted hypoxic condition. The sug-
gestion of Kebede et al. (1992) that stocking with planktivorous
Tilapia could have eliminated the cladocerans from Lake Hayq is not
supported by this seasonal study. However, Thermocyclops survived
the hypoxia condition, and this ability needs further investigation.
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